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ABSTRACT 


A review  of  the  existing  theory  on  Instabilities  in  a 
magnetized  beam-plasma  system  is  presented  with  emphasis  on  the 
unstable  electromagnetic  waves  in  the  frequency  range  between 
ion  cyclotron  frequency  and  the  electron  cyclotron  frequency. 

The  strengths  and  weaknesses  of  the  various  theoretical  models  are 
discussed  and  it  is  pointed  out  in  which  direction  future  work 
should  proceed.  Both  the  unbounded  and  radially  bounded 
problems  are  considered,  using  both  a quasistatic  treatment 
and  a fully  electromagnetic  treatment.  Plots  of  the  dispersion 
curves  and  a table  of  the  quasistatic  growth  rates  for  four 
of  the  instabilities  are  given  for  reference. 
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Introduction 

The  use  of  relativistic  electron  beams  for  heating  a plasma  to 

thermonuclear  temperatures  is  presently  under  extensive  investigation. 

It  has  been  shown  that  binary  collisions  can  have  little  effect  on 

plasma  heating  so  that  collective  effects  are  of  major  importance.^ 

Many  studies  have  been  made  using  various  techniques  to  investigate 

the  propagation  and  stability  of  waves  in  beam-plasma  systems, 

however,  the  picture  is  still  not  complete.  The  weaknesses  of  the  existing 

linear  theory  can  be  brought  out  by  a qualitative  discussion  of  some  of 

the  work  that  has  been  done  to  date. 

First  a review  of  the  various  equilibrium  models  that  have  been 

used  will  be  presented  and  then  a review  of  the  beam-plasma  interactions 

that  have  been  studied  will  be  presented.  The  emphasis  here  will  be  on  waves 

with  frequencies  between  the  ion  cyclotron  frequency  and  the  electron 

cyclotron  frequency  and,  in  general  the  electron  beam  and  plasma  will 

be  assumed  to  be  cold,  although  some  investigators  have  treated  warm 
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beams.  * Furthermore,  the  beam  will  be  assumed  to  propagate  along  a 
uniform  magnetic  guide  field,  and  to  be  much  less  dense  than  the  plasma. 

Equilibrium  Models 

Obviously  the  simplest  model  for  a beam-plasma  system  consists  of  an 

infinite  homogeneous  cold  beam  passing  through  an  infinite  homogeneous 

cold  plasma.  Under  these  conditions  it  has  been  shown  that  for  a beam 

much  less  dense  than  the  plasma  the  dispersion  equation  can  be  separated  into 

three  sets  of  waves  when  k ' 1 B^:  longitudinal  waves,  and  transverse  waves  with 

3 4 

left  and  right  circular  polarization.  ’ The  purely  longitudinal  modes 


will  not  be  discussed  at  length  here  since  a summary  of  these  results  can 

be  found  elsewhere . ^ This  model  has  been  used  by  many  investigators 

In  studying  the  beam-'plasma  interaction  problem  for  transverse  waves, 

however  it  is  not  a very  realistic  model.  Physically  the 

electron  beam  and  plasma  must  be  bounded  both  radially  and  axially, 

although  the  bound  on  the  axial  extent  is  probably  not  as  crucial. 

Once  finite  radial  dimensions  have  been  introduced  in  the  problem,  it 

has  been  shown  that  the  longitudinal  and  transverse  waves  are  no  longer 
3 4 

decoupled.  * For  this  reason  the  results  of  this  model  could  be 
misleading. 

Another  weakness  of  this  simple  model  as  applied  to  very  intense 

electron  beams  is  that  it  ignores  the  transverse  energy  of  the  beam.  In 

order  to  improve  upon  this  some  authors  have  used  a helical  beam  or 

streaming  oscillator  model,  where  all  the  beam  electrons  gyrate  about 

11  17-23  39 

the  magnetic  field  lines  with  the  same  transverse  velocity.  * * 

Although  this  is  an  improvement  on  the  simple  model  it  still  suffers 
from  the  problem  of  infinite  radial  extent. 

Treating  the  case  of  finite  radial  size,  of  course,  increases  the 
difficulty  of  the  problem  immensely.  To  simplify  matters  somewhat, 
the  quasistatic  approximation  was  used  by  investigators  who  first 

• 
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attempted  to  solve  the  radial  problem.  ’ In  this  approximation 

the  curl  of  the  electric  field  is  set  equal  to  zero,  in  which  case  the 

theory  is  only  valid  for  waves  with  a phase  velocity  much  less  than  the 

speed  of  light.  To  treat  the  case  of  waves  with  phase  velocities  near 

the  velocity  of  light  some  investigators  have  now  tackled  the  full 

A 27  30  31 

electromagnetic  problem  with  ralial  boundariea.  ’ * * Comparisons 

of  the  full  treatment  and  the  quasistatic  treatment  have  revealed  that 


3 


the  dispersion  curves  calculated  from  the  quasistatic  treatment  are  in 

30 


error  for  beam  energies  in  excess  of  80  keV.  Furthermore,  the  quasi- 
static treatment  incorrectly  predicts  that  the  upper  pass  band  of  a cold 


plasma  waveguide  is  of  a backward  wave  nature,  whereas  the  full  treatment 

4 


predicts  it  may  be  of  a forward  nature  when  <o  > o 
r ce  pe 


In  most  of  the  work  that  has  been  done  to  date  on  the  bounded  beam- 
plasma  problem  the  electron  beam  has  been  assumed  to  either  fill  a wave- 
guide or  have  a square  radial  profile.  This  type  of  model  is  simple 
to  work  with  but  is  lacking  somewhat  in  physical  content,  particularly 


if  k R < 1,  where  k is  the  radial  wavenumber  and  R is  the  radius  of 
i -v  i 


the  beam.  Some  results  have  been  obtained  by  averaging  over  a sharp 
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boundary  at  the  edge  of  the  beam-plasma  interface.  Also  some  work 


has  been  performed  on  modeling  a beam  profile  by  a series  of  cylindrical 

30 


electron  beam  shells.  In  this  case  there  was  some  indication  that 
the  faster  growing  modes  may  be  suppressed.  However  this  is  still  an 
area  where  there  is  much  to  be  learned. 


One  final  approximation  that  has  been  used  on  occasion  consists 

7,32 


of  assuming  that  the  applied  magnetic  field  is  very  large. This 
approximation  obviously  ignores  all  cyclotron  effects  that  would  occur 
naturally. 

Of  course  there  are  situations  that  arise  where  any  one  of  these 
models  will  be  appropriate  but  it  seems  that  to  thoroughly  explore 
the  problem  of  heating  a plasma  by  an  intense  relativistic  electron 
beam, the  full  electromagnetic  treatment  including  radial  dependence 
should  be  used.  This  is  particularly  true  for  relativistic  beams  since 
a large  y enhances  the  coupling  between  the  transverse  and  longitudinal 
modes.  This  coupling  is  even  further  strengthened  by  the  presence  of 


J 


so  If  magnetic  f folds  and  beam  rotation  which  have  recelvod  little 
attention  In  the  literature  at  this  point. 


r 


u 


Beam-Plasma 


Interact  ions 


A beam-plasma  interaction  mav  occur  whenever  waves  which  propagate 
on  the  electron  beam  occur  In  the  same  region  of  .*  -k  space  as  waves 
that  propagate  In  the  plasma.  Since  it  was  assumed  that  the  beam  density 
Is  much  less  than  t lie  plasma  density,  the  plasma  waves  are  essentially 
unatfected  bv  the  presence  of  the  beam  except  at  these  isolated  points 

I of  interaction.  At  these  points  the  plasma  waves  are  said  to  be  in 

synchronism  with  the  beam.  Kssent tally  these  interactions  correspond  to 
resonances  between  plasma  waves  and  the  longitudinal  or  transverse 
motion  ot  the  beam  electrons.  The  beam  waves  involved  in  the  resonances 
with  the  longitudinal  mot  ion  ot  the  beam  electrons  are  the  fast  and  slow 
beam  space  charge  waves,  and  the  beam  waves  involved  in  the  resonances 
with  the  transverse  mot  ion  of  the  beam  electrons  are  the  fast  and  slow 
beam  cyclotron  waves.  Figure  1 gives  a u'-|t  plot  of  these  beam  waves  for 
the  case  of  an  infinite  homogeneous  cold  beam.  Since  electrons  rotate 
in  a right  hand  sense  about  the  magnetic  guide  field,  strong  beam 
cvclotion  interactions  should  occur  with  right  hand  polarized  plasma 
waves  at  points  marked  bv  a on  Figure  l and  weak  interactions  should 
occur  at  points  marked  by  a -. 

When  an  unstable  interaction  occurs  such  that  the  phase  velocity 

ot  the  wave  is  equal  to  the  velocity  ot  the  beam,  Vk  • V^,  it  is 

considered  to  be  due  to  the  Vav llov-Cherenkov  effect.  When  V - V , 

| b 

then  the  Instability  is  due  to  the  anomalous  Doppler  effect  and  when 

V V.  the  Inst  abl  1 it  v is  due  to  the  normal  Doppler  effect.** 

f b 
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t 
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Instabll  It tos  duo  to  the  normal  Doppler  effect  are  only  possible  It  the 
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beam  electrons  possess  transverse  energy.  ’ However,  In  general 
an  lnstalility  Is  simply  identified  by  naming  the  beam  wave  and  plasma 
wave  involved  in  the  interaction. 

Another  classification  for  the  different  beam-plasma  instabilities 
Involves  classifying  the  typo  of  medium  in  which  the  wave  is  propagating. 
A reactive  medium  instability  occurs  when  the  dielectric  constant 
becomes  negative  and  a resistive  medium  instability  occurs  when  a 
negative  energy  wave  grows  as  it  loses  energy  due  to  l.andau  damping.' 

Once  an  interaction  is  Identified  it  must  be  determined  whether 
or  not  the  wave  is  evanescent,  convectively  unstable  or  absolutely 
unstable.  Methods  have  been  worked  out  for  making  this  determination 
by  investigating  the  poles  of  the  dispersion  equation.  Obviously 

a convective  instability  will  have  little  importance  if  it  convects 
out  of  the  system  before  it  grows  to  an  appreciable  level.  Similarly, 
an  absolute  instability  is  ignorable  it  it  grows  on  a time  scale  much 
slower  than  the  time  scale  of  the  experiment.  The  significance  ot  the 
time  and  length  scales  of  the  beam-plasma  system  are  discussed  in 
greater  detail  by  a tew  authors. 

Consider  now  t ho  unstable  interaction"  that  have  been  studied 

using  the  intinite  homogeneous  cold  beam  plasma  model.  For  propagation 

exactly  along  the  magnetic  guide  field,  the  longitudinal  waves,  the 

right  circularly  polarized  waves  and  the  left  circularly  polarized  waves 

are  all  uncoupled.  Under  these  conditions  there  are  few  beam-plasma 

Interactions.  The  Interaction  with  the  largest  growth  occurs  when  a 

plasma  l.angmutr  wave  is  in  synchronism  with  a beam  space  charge 

7, 4,11.12.14 


wave  . 


This  is  merely  the  well  known  two-stream 


b 


Instability.  There  is  also  an  interaction  between  the  slow  beam 

cyclotron  wave  and  the  plasma  ion  cyclotron  wave  as  well  as  other  lower 

frequency  instabilities  hot  these  are  all  below  the  frequency  range  ol 
7 g q 

Interest.  ' * 


It  the  beam  possesses  transverse  energy  as  well  as  the  streaming 
energy  along  the  applied  tield,  then  even  for  the  case  of  k " the 
beam  is  capable  of  driving  additional  plasma  waves  unstable  when  the 
cvclotron  resonance  condit Ion  is  satisfied,  ■ - k V.  + - 0. 

» I'  Of* 

In  tact,  when  \s.  is  not  parallel  to  the  magnetic  tield,  the  growth  rates 
ot  tire  cyclotron  instabilities  discussed  below  should  also  be  modified 

. i 11 

when  the  beam  Possesses  transverse  energy. 

It  the  perpend  icul.tr  wavenumber  is  allowed  to  be  nonzero,  then  some 

of  the  effects  ot  finite  radial  si/e  can  be  simulated.  This  procedure 

g , i n .V 

has  been  carried  out  using  both  the  quasistatic  approximat ion 

q.  In 

and  the  full  elect romagnet ic  treatment,  however  analytic  expressions 

tor  the  growth  rates  ate  onlv  available  t tom  the  eloctt  . ,atlc  analysis. 

Here  the  longitudinal  and  transverse  waves  become  coupled  leading  to 

two  new  interact  ions.  Foi  ..  ' ..  the  titst  appeals  when  .i^wavo  assoc 

P*  ce 

lated  with  the  plasma  cvclotron  wave  branch  becomes  svnchi  onotflP*w  1 1 h a 
bean  space  charge  wave.  The  other  interaction  occurs  between  a plasma 
Langmuir  wave  and  a slow  beam  cvclotron  wave.  Both  these  interactions 
are  unstable  and  expressions  for  their  quasistatic  growth  rates  can 
be  found  in  fable  l.  In  addition  to  these  a third  new  instability 
arises  since  the  transverse  waves  no  longer  split  nicelv  into  right  and 
left  circularly  polarised  waves.  This  third  new  instability  Involves 


Many  references  tor  this  instability  mav  be  found  in  Kefs.  **  and  b. 


a wave  associated  wiili  tin-  p 1 asma  eye  lot ron  wave  branch,  and  .1  slow  beam 

cyclotron  wave.  Its  growth  rate  can  also  be  I onnd  in  Table  1. 

Finally, the  two-stream  instability  becomes  dependent  on  the  angle  ol 

propagation  as  Indicated  in  Table  l since  the  wave  is  no  longer  traveling. 

exactly  along  the  magnetic  guide  tiold,  Figure  2 shows  the  position 

of  these  Interactions  on  a .-k  diagram,  and  the  labels  referring  to  each 

instability  are  listed  in  Table  1 for  comparison. 

In  order  to  facilitate  comparisons.  Table  1 lists  expressions  tot  tin- 

growth  rates  of  these  font  instabilities  in  three  difterent  parameter 

regimes.  The  quaststatic  approximation  (>.>/k  c)  wa-.  used  in  deriving 

ill  ol  these  expressions  so  that  the  results  foi  the  Cherenkov  instabilit 

t.  k v.  1 should  be  used  cautiously  when  the  beam  is  relnt ivist ic . For 
b 

t nonrelat ivistlc  beam  the  expressions  are  correct  with  > = 1.  The 

numerical  tactors  ’ , and  ti  are  boi  h equal  to  unitv  t or  the  infinite 
cher  c 

beam  plasma  problem.  If  the  plasma  fills  a cylindrical  waveguide  ol 

radius  K and  the  beam  propagates  along  the  axis  with  a radius  1 
27 

tt  Rl,  then 
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2 J'ix 
r n n\  K 
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n-i  n\  K TVH  n\  K 

J,2(x  ) 

n nv 
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tt+1  n v R 
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n nv 

,r:tx  > 
n nv 


I V , I , 

) .1  ( X 1 

R tvK  nv  R 


where  x is  the  \’th  root  of  the  nth  order  Bessel  i unction.  Note  that 
nv 

if  the  beam  also  tills  the  waveguide  (r=Rl  then  again  n _ ' 1. 

For  the  infinite  beam  plasma  ease  0 is  the  angle  between  the  wave  vector, 
k,  and  the  axial  magnetic  field,  however  tor  the  bounded  beam  plasma 
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case  0 is  defined  by* 


2 2 2 

k R + x 
z nv 


It  should  be  pointed  out  that  aside  from  the  definition  of  the  angle  0 , 

the  dispersion  relations  in  the  quasistatic  limit  for  an  infinite  or 

bounded  magnetoactive  plasma  in  the  absence  of  the  beam  are  identical, 

27 

with  the  two  roots  given  by 


12  2 / 
~ u.  + u>  ) 1 • /l 

2 p c -1/ 


i 2 2 

ui  cos  0 

_E_£ 

■y  t 2 

(w  + (i>  ) 

P c 


Here  • is  the  electron  plasma  frequency  and  u>  is  the  electron  cyclotron 
P c 

frequency . 
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In  deriving  the  results  of  Table  I ’ ’ it  was  assumed  that 
J/u>  vv  1 and  <S/«i  hv  l where  6 is  the  growth  rate  of  any  instability  with 
frequency  .*  and  where  io  ■ u>  />,  . These  conditions  are  easily  satisfied 

i/l  “ CD 

/ nb  \l ' 3 

if  >.  [ — l w i when  u>  > u>  .and  for  instabilities  a and  d when  . < . 

b\»p/  CA  P “ c P 

For  instabilities  b and  c with  ui  w the  above  conditions  are  onlv 

1 - c p 3 

nb  c % c 

satisfied  if  - v«.  — — - for  instability  b and  — <v  — — for  instability  c. 

n 2 i — n 3 — 

>b"'p  P 

It,  however,  we  replace  the  above  conditions  with  the  condition  that 


then  the  growth  rates  of  instabilities  b and  c are  shown  in  Table  11  and 
,«Vvl/3 

.111  »*  I \ 1 >.1 J _ ^1.  J - l J 1 J » J 


are  valid  for 


(e) 


«.*  1,  Note  that  in  this  case  these  two  instabilities 


have  essentially  coalesced  since  the  magnetic  field  was  assumed  very 
weak,  implying  that 
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- k v + u> 
zh  K 


k vu 
z b 


For  this  reason  the  growth  rates  are  Identical . 

The  most  important  result  that  is  obtained  from  the  information 

in  these  tables  is  that  in  certain  parameter  ranges  the  growth  rate 

of  the  two-stream  instability  is  not  the  largest  growth  rate.  When 

/ nfe  .1/3 

the  growth  rates  in  Table  1 are  valid  if  f — J 1.  In 


c p 

this  case  if  1 


(r) 

' n ' 


,2/3 


n‘  9/3  "cher  p 

then  trie  growth  rate  ot  cyclotron 

p b c 

interaction  A is  largest.  Although  it  has  not  been  pointed  out  in  the 

n,  u>  3 


, the  cyclotron  interaction  b also  has  tlte  largest 
1 .1/3  1/3  • 2/3 


( D C 

n„  T 2^3 

y T 1 ) when 

b / P , , , , 

V , / 2 h\  /Jlp  / 27  V'”  cher  , 

growth  rate  il  1 ••  IY^  — I — t ^ f — -1  . Note  that  this 

' np 7 "c  '4yb'  c 

instability  has  its  maximum  growth  rate  for  propagation  exactly  perpen- 
dicular to  the  magnetic  guide  field  as  does  the  Weibel  instability. 
However  the  growth  rate  of  the  Weibel  instability^  is  only 


'k  c +■„ 


2 c 

»w  - — : 

P . 2 

V 


2y  1/2 


which  is  less  than  the  growth  rate  of  interaction  b by  a factor  of 

w vb 

The  Weibel  instability  also  stabilizes  for  — > — ui 

>b  c p 

so  that  for  very  weak  relativistic  beams  interaction  b will  be  the  most 

important  instability  when  the  magnetic  field  is  not  too  small  (6/Ui  < < 1). 

R 

Numerical  solutions  of  the  full  electromagnetic  dispersion  equations 

have  been  computed  for  the  case  of  an  infinite  homogeneous  beam  plasma 
9 16 

system.  ’ The  spectrum  in  k^  space  tended  to  be  wider  for  the 
Cherenkov  instabilities  than  for  the  cyclotron  instabilities.  In  a 


10 


strong  magnetic  field  the  growth  rate  as  a function  of  angle  of  the 

linear  electron  two-stream  instability  was  shown  to  be  narrower  in 

angle  than  the  results  found  using  an  electrostatic  treatment. 

Essentially  the  two-stream  instability  becomes  one  dimensional  in  the 

direction  along  the  applied  field  in  the  strong  field  case.  This  is  in 

sharp  contrast  to  the  weak  magnetic  field  case,  where  the  two-stream 

instability  has  a maximum  growth  rate  for  waves  propagating  perpendicular 

Ybnb 

to  the  magnetic  field.  When  u>  > (— — ) ui  , it  was  also  found  that 

ce  2n  pe 

P 

the  growth  rates  of  plasma  waves  driven  by  an  interaction  with  the  slow 

beam  cyclotron  wave  become  independent  of  the  beam  energies. 

Since  all  the  longitudinal  and  transverse  waves  are  coupled  in 

the  radially  bounded  problem,  it  would  be  reasonable  to  assume  that  the 

four  instabilities  discussed  above  will  carry  over  to  the  bounded 

problem  , and,  in  fact,  they  do.  The  most  interesting  consequence 

of  these  findings  is  that  the  analog  of  the  twc-stream  instability 

is  not  necessarily  the  only  important  instability.  It  is  now  necessary 

to  investigate  all  four  of  these  instabilities,  and  possibly  more, 

in  order  to  determine  the  mechanisms  involved  in  heating  the  plasma. 

The  quasistatic  approximation  was  employed  in  the  first  attempts 

to  solve  the  radially  oounded  beam  plasma  problem. Using  this 

approximation  the  waves  that  propagate  in  a plasma  filled  waveguide 

differ  somewhat  from  the  plasma  waves  found  in  the  unbounded  case.  Note 

from  Figure  3 that  the  character  of  the  wave  changes  depending  on 

whether  or  <o  g is  larger,  and  that  the  upper  pass  band  is  a backward 

wave  in  this  electrostatic  model.  Figure  A indicates  the  dependence  of 

37 

the  waves  on  the  radial  wavenumber  in  the  quasistatic  approximation. 


Figure  *i  shows  the  beam  modes  superimposed  over  the  plasma  tilled 
waveguide  modes  and  indicates  the  position  of  the  four  internet  ions. 
Note  that  the  interaction  between  the  slow  beam  cyclotron  wave  and  t lie 
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backward  wave  is  an  absolute  instability  while  the  other  three  interac- 
tions are  all  convective  instabilities.  It  has  been  found  that  t he 
interactions  extend  into  regions  off  resonance  but  that  the  largest 
growth  rates  occur  when  the  plusma  waves  are  in  synchronism  with  t lie 
beam.  Furthermore,  the  high  frequency  instabilities  tend  to  be  dominant 
and  high  electron  thermal  energies  are  necessary  to  obtain  a strong 
Interaction  with  the  ions . ^ This  is  true  since  the  electrons  tend  to 
short  out  any  low  frequency  electric  fields. 

The  quasistatic  approximation  is  only  valid  for  waves  with  phase 

velocities  much  less  than  the  speed  of  light,  hence  it  was  found 

that  the  approximation  is  not  appropriate  when  treating  relativistic 

electron  beams, part icularly  when  treating  Cherenkov  interactions.^ 

It  has  also  been  shown  that  the  backward  wave  in  Figure  3 may  be  a 

forward  wave  lor  ■ u'  when  the  quasistatic  approximation  is  not 

ce  pe 

used.  When  the  lull  electromagnetic  treatment  is  employed  the  same 

. . . , . A, 2b, 30,31 

tour  interactions  are  present,  however  many  new  results  are  found. 

in  Figure  Sc  the  lines  marked  B correspond  to  gyrating  beam  electrons 

that  are  nearly  completely  decoupled  from  the  plasma,  and  the  curves 

P and  Q correspond  to  plasma-filled  waveguide  modes . Neither  o!  these  features 

ot  the  dispersion  curves  are  present  in  the  quasistatic  calculations  in 

Figure  Sb. 

If  the  ion  dynamics  are  Ignored  and  the  beam  is  treated  non- 
relativist leal ly,  the  full  electromagnetic  theory  for  a radially 
bounded  system  has  shown  that  the  quasistatic  treatment  is  in 
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31  c 

lair  agreement  If  u>  > ui  . However  when  w ' ui  ami  > 1,  the 

pe  ce  ce  pe  Rio 

ce 

two  theories  differ  considerably  In  the  upper  plasma  modes.  Here  K 
Is  the  radius  of  the  cylindrical  waveguide.  The  backward  wave  predicted 
by  quaslstatlc  theory  transforms  into  a forward  wave  under  these 
conditions,  and  thus  the  nature  of  the  interactions  between  the  wave  and 
the  beam  changes  considerably.  The  interaction  of  the  plasma  lower 
pass  band  wave  with  the  fast  beam  cyclotron  wave  which  previously  resulted 
in  an  evanescent  wave  now  yields  two  normal  propagating  waves.  The  three- 
wave  Interaction  of  the  plasma  lower  pass  band  wave  with  the  fast  and 
slow  beam  space  charge  waves  now  splits  into  two  two-wave  interactions, 
and  finally  coupling  with  empty  waveguide  modes  becomes  possible,  in 
contrast  to  the  quasistatic  treatment. 

When  ion  dynamics  are  included  and  the  beam  is  treated  relativ- 
ist ically  it  was  found  from  numerical  calculation  of  the  dispersion 
curves  that  the  quaslstatlc  approxtmat ion  was  not  valid  if  the  beam 
energy  exceeded  HO  keV  and  the  radial  wave  number  was  not  too  small. 

Figure  t>  clearly  shows  the  discrepancies  between  the  dispersion  curves 
predicted  by  the  two  theories.  Since  it  was  shown  that  high  beam 
energies  are  necessary  to  deposit  a large  amount  of  energy  in  the  ions, 

the  full  electromagnetic  treatment  must  be  used  to  explore  ion  heating.'1' 

k 

In  fact,  for  large  values  of  the  ratio  — , the  interaction  between 

II 

the  lower  plasma  pass  hand  and  the  fast  beam  space  charge  wave  theor- 
etically produces  ion  energies  comparable  with  the  electron  energies 

Cl* 

involved  when  — — ' 1.  Since  the  instabilities  associated  with  the 

<0  a. 

P? 

upper  plasma  pass  band  (see  Figure  3)  were  shown  to  have  higher 
growth  rates,  modulation  of  the  beam  was  suggested  to  enhance  the 
growth  of  the  desired  mode.  In  one  example  It  was  calculated  that  the 


1 3 

ions  attained  energies  on  the  order  of  400  eV  before  nonlinear  effects 

limited  the  growth  of  the  instability  when  an  electron  beam  of  If. 6 A 
, 30 

and  80  keV  was  used. 


Sumtna  rv 


In  summary  there  are  at  least  four  instabilities  that  are 

important  in  the  radially  bounded  beam-plasma  problem.  It  seems  that 

a full  electromagnetic  treatment  including  relativistic  effects  is 

required  in  order  to  properly  describe  the  mechanisms  involved  in 

heating  the  plasma  ions.  However  very  little  work  has  been  done  on 

considering  the  effects  of  self  magnetic  fields  or  beam  rotation  although 

38  39 

there  is  experimental  evidence  suggesting  that  it  may  be  important. 
Another  area  which  also  warrants  investigation  is  the  effects  of  the 
radial  beam  profile.  In  general,  the  beam  is  assumed  to  fill  the 
entire  waveguide  or  to  have  a square  profile  which  does  not  give 
realistic  results  when  the  radial  wavelength  is  of  t he 
same  order  as  the  radius  of  beam  or  larger  (k(R  * 1). 
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FIGURE  3 - PHASE  CHARACTERISTIC  OF  ELECTROSTATIC  WAVES  IN  A 
PLASMA-FILLED  WAVEGUIDE.  6 IS  THE  AXIAL  WAVENUMBER.  [FROM 
TRIVELPIECE,  A.  W. , SLOW  WAVE  PROPAGATION  IN  PLASMA  WAVE- 
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GUIDES,  SAN  FRANCISCO  PRESS  INI'.,  SAN  FRANCISCO  (19t>7).] 
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FIGURE  4 - PHASE  CHARACTERISTIC  OF  A FLASMA-FILLED  WAVEGUIDE  OF 

RADIUS  a.  p/  IS  THE  vth  ZERO  OF  THE  nth  ORDER  BESSEL  FUNCTION 
r nv 

OF  THE  FIRST  KIND,  AND  6 IS  THE  AXIAL  WAVENUMBER  [FROM  TR IV' EL- 
PIECE,  A.  W.,  SLOW  WAVE  PROPAGATION  IN  PLASMA  WAVEGUIDES,  SAN 
FRANCISCO  TRESS  INC.,  SAN  FRANCISCO  (1967). 1 
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FIG.  6a. 


FIGURE  6 - DISPERSION  CURVES  CALCULATED  USING  a)  THE  GENERAL 

SOLUTION  b)  THE  QUASISTATIC  APPROXIMATION.  BOTH  CASES  FOR 
njj  u k C 

~ = °*1.  ~ = 1-5,  6 = 0.86324,  = 1.0,  BEAM  ENERGY  = 

p p “p 

500  keV.  [FROM  ADLAM,  J.  H. , PLASMA  PHYS.  1J),  329  (1971).]. 


